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How to use this book 


sbi as been carefully 
This book has been carefully ena eo 


information in the book and summarizes Technical 
the concepts presented on the two pages. definitions, 


developed to help you understand 
the chemistry of the elements. 
In it you will find a systematic and 








comprehensive coverage of the basic 
Substatements flesh 
‘out the ideas in the 
main text with 
more fact and 
specific explanation, 


qualities of each element. Each two- 
page entry contains information at 
various levels of technical content and 
language, along with definitions of 
useful technical terms, as shown in 
the thumbnail diagram to the right. 


There is a comprehensive glossary Equations are 


written as symbols 
and sometimes 
given as “ball-and- 
stick” diagrams ~ 
see page 48. 


of technical terms at the back of the 
book, along with an extensive index, 








key facts, an explanation of the 








periodic table, and a description of 


how to interpret chemical equations. iowsgrenls ad agra 


have been carefully selected 
and annotated for clarity. 


Also... explains 
advanced concepts. 
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An element is a substance that cannot be broken down 
into a simpler substance by any known means. Each of 
the 92 naturally occurring elements is therefore one 

of the fundamental materials from which everything in the 
Universe is made. This book is about silicon. 


Silicon 

There is more silicon in the Earth’s crust than any other 
element except oxygen, and yet we are usually completely 
unaware of its presence. In part this is because silicon has 
formed very stable compounds and in part because it is 

so common we take it for granted. 

Whenever you pick up a rock, the chances are that silicon, 
along with oxygen, will make up most of it. These elements 
are combined as the mineral called silica. Only limestones, coals 
and salt beds are relatively free of silica. All sandstones, shales 
and volcanic rocks contain it, as do the majority of soil particles. 

We use silica to make concrete, bricks and glass. 

These are among the most important building materials of our 
world. We also use a grit of silica for “sanding” smooth rough 
wooden and plastic surfaces. In fact, the silicates, those minerals 
in which silicon is a main component, also make up some of 
the world’s hardest, most beautiful and sought-after minerals. 
Emerald and aquamarine are silicate rocks, although most 

of us think of them first as gems or precious stones. 

In recent years scientists have found far more uses for what 
was, in the past, thought of as a rather unpromising element. 
The world’s computers and all computer-controlled equipment 
have at their heart “silicon chips,” crystals of silica that are 
so pure that only one impure atom in a billion contaminates 
them beyond use. Crystals of silicon and chip slices are pictured 
on this page. 
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Sili t d n Blue copper silicate 
Silica does not readily react with many 

substances. We rely on this property in our 
everyday lives. For example, we use br 





containing silica to build our houses and 
glass containing silica for window 
panes. Think, for example, what it 
might be like if the bricks in a wall 
were made of reactive compounds! 
But under some conditions even 
silica can be made to produce some 
spectacular effects, such as those 
shown here. 

Water glass (sodium silicate) 
is a soluble compound that results 
from the reaction of silica with 
sodium carbonate. This reaction 
takes place at very high 
temperatures (1,400°C 

This picture shows a “chemical 





garden” made using sodium silicate 
solution in water. Several crystals of 
different metal salts have been dropped 
into the bowl. As each crystal begins to 
dissolve, it reacts with the sodium silicate 
and forms a bubble of material with a 

silicate “skin.” For example, the skin of the 
bubble around the cobalt chloride crystal is 
cobalt silicate. This skin is tough, but it can let 





water pass through. As water passes from the 
water glass into the cobalt silicate, it causes the 
pressure to increase inside the bubble until it bursts 
at the top. The reaction starts again and a new 
bubble forms. 

By repeated bursting and forming of bubbles, 
the columns grow taller. 














Blue cobalt silicate 


Yellow chromium silicate 




















The world of silicate minerals 


Silicon occurs in about one-third of the minerals in the Earth’s crust. 
Clearly, therefore, silicon is a very important element. 

Over one thousand different minerals have been recognized as 
silicates. Silicon is nearly always combined with oxygen to make the 
compound silica (SiO), which is the building block of so many 
of the world’s minerals and rocks. 

In terms of volume, silicates make up about 93% of the 
Earth’s crust. Minerals that include only silica 
molecules are called silica; those in which 
silica combines with other metal 
elements are called silicates. 

Silicate compounds are not very 
reactive. This has the advantage of 
making the Earth’s surface a stable 
place on which to live. This is not 
to say that silicon makes 
uninteresting compounds; 
ar from it. But nature, rather 
than people, is the chemist 
1ere, forming and reforming 
a remarkable variety of 
structures and giving us the 





beautiful minerals we see 
around us. 


Silica building blocks 

The variety in silicates is accounted 

for by the way the silica units can 

group, or cluster, together. Just as 

a huge variety of plastics can be 

produced from simple components that 
cluster, or polymerize, together, so silica 
units can group together into chains, 
rings, sheets and framework patterns. 

The importance of these structures will be 


shown on these and some following pages. 

















mineral: a solid substance made of just 
one element or chemical compound. 
Calcite is a mineral because it consists 


Silicate groups 


There are many well-known mineral groups, each with 


its own unique pattern of silica molecules. For example, only of calcium carbonate; halite is a 


in the mineral quartz (page 10) the molecules build up mineral because it contains only sodium 
chloride; quartz is a mineral because it 
consists of only silicon dioxide. 


in frameworks. Other silicates, for example, the group 
containing emerald, are built from rings of silica 
molecules. You will find the silicates presented in these 
different groups on the following pages. 







AY This isa model ofa silica unit, Itis in the form of 
3 four-cornered solid called a tetrahedron, with a small 
silicon atom surrounded by four oxygen atoms. This is 
the basic building block of all the silicate minerals, 




















Quartz and feldspar 


Quartz, also known as “rock crystal,” is the most 


commonly found silica mineral, being made 
almost entirely from silicon and oxygen atoms. 

Pure quartz is colorless and transparent, 
but it is often contaminated with impurities 
that produce a range of colors. One of the 
most common colored quartzes is called 
“smoky quartz.” 

Quartz is a very hard mineral and cannot 
be scratched with a knife. It forms into long, 
six-sided (hexagonal) crystals. 

Quartz is an example of a mineral made of 
silic 
direction to make a framework. No other 
elements are involved in building the frame. 
This makes quartz a particularly stable mineral. 





molecules that extend outward in every 


The occurrence of crystalline silica 


Free silica is commonly found as either large crystals 







or small grains. Quartz is also common as noncrystalline 
silica filling in veins and other fractures in rock. 





A The structure of silica is very similar 
to that of diamond, with the silicon 
atoms packed tightly. Four large oxygen 
atoms lie at the corners of a tetrahedron, 
almost entirely surrounding a smaller 
silicon atom (see the diagram on page 9). 
The electrical charges between the silicon 
and the oxygen atoms balance exactly, 
forming strong bonds. This structure 
makes minerals like quartz very stable 
and unreactive. 










@iIn this crystal of quartz, 
the hexagonal (six-sided) 
crystals can be seen. 
These crystals are about 
six centimeters long; some 
quartz crystals grow toa 
huge size and can weigh 
several tons. 














erystal: a substance that has grown freely so 
that it can develop external faces. Compare 
with crystalline, where the atoms were not 

free to form individual crystals, and amorphous, 
where the atoms are arranged irregularly 


igneous rock: a rock that has solidified from 
molten rock, either volcanic lava on the Earth's 


surface or molten magma deep underground. 





In either case the rock develops a network of 
interlocking crystals. 


mineral: a solid substance made of just one 
element or chemical compound. Calcite isa 
mineral because it consists only of calcium, 
carbonate; halite is a mineral because it contains 
only sodium chloride; quartz is a mineral 
because it consists of iy silicon dioxide. 


held together by chemical bonds. 





¢ molecule: a group of two or more atoms 
gs 


translucent: almost transparent 
‘A The arrangement of silica molecules in quartz is in the form 


of a kind of interlocking building frame that stretches out in 
every direction, This is why the mineral is hard and brittle 


Common properties of the silicates 
Although there are over a thousand 
different minerals in this group, you might 
be surprised to learn that there are also 
many common characteristics. In general, 
most silicates are hard and do not dissolve 
in water; most do not even dissolve in 
acids. The crystals of silicate minerals tend 
to look glassy, and most of the crystals are 
transparent or translucent. 


Feldspars 
Feldspar minerals are found in most 
igneous (volcanic) rocks. They are 

silicates in which some of the silicon 





atoms have been replaced by aluminum 
atoms. This is because aluminum is 
a small atom and can also balance out the 
charges on the oxygen atoms. When this 
happens, however, some “holes” are left 
in the structure, in which potassium, 
sodium or calcium atoms can also fit. 
This produces a variety of feldspars. 
Feldspar crystals are opaque and either 





pink, gray or white. You can see them 





clearly in the granite sample shown here. AA piece of granite. The gray, glassy-looking crystals are quartz. The inset 
Ee picture shows some granite scenery in the Mojave Desert, California. 
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Quartz as a gemstone 


People have often treasured the brightest and 
most sparkling of the Earth’s rocks and minerals. 
The total number of minerals in the world is 
thought to be about three thousand, but only 
one hundred are thought of as gemstones, 

and of these only thirteen are really common. 

Most gemstones are silicate minerals, either 
in their uncrystalline form, such as jade, 
or as crystals, such as emerald. 

Some less valuable silicate minerals are often 
mistaken for gemstones by the inexperienced. 
One such mineral is zirconium, used as 
a substitute for diamond, which is actually 
produced synthetically. Emerald can now also 
be made industrially. The crystals of synthetic 
emeralds are usually of superior quality to those 


found in nature. 











Quartz as a gemstone 
Quartz, silicon dioxide, is an 


example of a silicate, a compound 
containing silicon and oxygen. 
But pure quartz is by no means 
the only example of a silicate. 
Most of the world’s gemstones 
are also silicates. 

Colored quartz is known by a 
variety of names. Violet-colored 
quartz is called amethyst, black 
quartz is smoky quartz, and 
yellow coloring produces a form 
of quartz called citrine. 


Amethyst 

Amethyst is a form of quartz that 
has been contaminated with iron, 
manganese and carbon and has 
taken on a violet hue. It changes 
to orange-yellow citrine 

on heating. 


4 Amethyst 
























gemstone: a wide range of minerals valued by people, 
both as crystals (such as emerald) and as decorative stones 


BE (such as a 


a gemstone. 


Y Smoky quartz, a dark 
brown form of quartz, 





ite). There is no single chemical formula for 





precipitate: tiny solid particles formed as a result 





of a chemical reaction between two liquids or gases 


solution: a mixture of a liquid and at least one other 
substance 
physical means, for example, by evaporayiggand coolit 


z., saltwater). Mixtures can be separated by 



















Y Cat's-eye gets its name from 
the luminous, reflective bands that 
resemble the slit pupil of a cat. 
The reflective area contains 
asbestos fibers, and the 
green color comes 
from the copper 
oxides in the 
silica structure. 






A Tiger’s-eye shows banding 
properties that are similar to 
cat’s-eye, but the reddish-brown 
color comes from iron oxides 


Also... 


The main gemstones that are 
not silicates are diamond 
(made from carbon) and ruby 











(made from aluminum oxide) 
Tiger’s-eye, Vises 
cat’s-eye and agate 
These banded forms of silica are basil 
considered to be gemstones. They enter wud ¢ 





cavities inside rocks as silica-rich solutions ¢ 
These then cool, and the silica is precipitated 

on the inside of the cavity. Typically, such 

cavities form inside lavas and other igneous 

rocks when they are cooling. Jasper (red), 

chalcedony (gray) and carnellian (red) are 

all forms of the same kind of deposition. 














Other forms of quartz 


Of the many forms of quartz, opal has no 


oy.” 


crystals at all, while many others, such as 


2h 
a! 





obsidian and flint, have crystals that can only Flinc-arrow fends 
be seen with a microscope. These are known vated 
as “microcrystalline” minerals. 





Flint 


Flint is a form of microcrystalline 


Cutting edge. —— 


silica, This silica was originally 
carried from silicate rocks by 





percolating waters and reprecipitated 
elsewhere. (Agate, shown on page 12, 
is another form of silica precipitate, but 
it has developed banding that makes it an 
attractive gemstone.) 

4 Flint is common in chalk rocks, and nodules of flint 
were once split to make axes and arrowheads. 

K Flint and obsidian were the main axe-making materials 
of the Stone Age 

Notice that because flint is a variety of framework 

silicate, it does not break along any particular surface 
and so can be sculpted easily. Because it is brittle, 
however, it can only be sculpted into rough shapes. 


<4 Flint is very brittle and breaks with a conchoidal (curved) fracture. 
Skilled crafts people could use one flint to split another. This was 
called napping. The objective was to split off flakes that could be used 
as arrowheads while creating a hand axe that had a sharp cutting edge 
or a point 


D> This opal shows 
a characteristic 
pearlescent luster 





Opal 

The one form of quartz that has no crystals at all is 
called opal. It forms as a precipitate from a solution 
of water containing silica. In fact, opal stones contain 
water molecules. As a result it is less dense than other 
forms of quartz. Opal also has a different luster from 
other forms of quartz, being more like that of a pearl. 
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glass: a transparent silicate without any crystal growth. It has a 
breaks with a curved fracture. Note that some minerals have all these f 
and are therefore natural glasses, Household glass is a synthetic silicat 


BB luster: the shininess of a substance 


solution: a mixture of a liquid and at least one other sub 
(c.g., saltwater). Mixtures can be separated by physical m 


for example, by evaporation and cooling. 


Obsidian 


Obsidian is called natural glass. It is a form of 


silica with very small crystals, usually formed from 
molten lava, where cooling was so rapid that large 
crystals did not have time to develop. Lava that 
erupts under the sea often has this property. 

Like flint, obsidian breaks with a conchoidal 
fracture. It has a vitreous luster and is usually 
black. An example of the fracture is shown here 


V A piece of natural volcanic glass, 
obsidian, showing conchoidal fracturing. 


D This sculpture is made from 
obsidian, a framework silicate that 
does not have any special crystal 
shape and so is easy to carve. It is in 
the Olmec (South American) style. 











Quartzite veins 

tzit 

Silica rarely makes up a rock on its own. 

Rather, it is found as veins between other rocks. 

Occasionally the vein is thick enough to form 

a band of rock, when it is known as quartzite. 
The presence of quartz is also an indicator 

that in the geological past, conditions were hot 

enough for silica to be melted. Geologists know 

that in similar conditions, metals and valuable 

minerals are likely to be molten. So quartzite 

veins are a telltale sign of the presence of 


everything from tin to gold. 


D This is a quartzite vein in the Bendigo goldfield of Australia. Quartz forms from 
a hot liquid only after other silicate minerals have formed because it has the lowest 
melting point of any silicate 





‘A Canyon of the Gunnison River, Colorado, showing well-developed quartzite veins 
that have been exposed by river erosion 


vein: @ mineral deposit different from, and usually cutting across, the 





urrounding rocks, Most mineral and metal-bearing veins are deposits 





filing fractures, The veins were filled by hot, min rich waters 


rising upward from liquid volcanic magma. They 





sour of many metals, such as silver and gold, a 





ow and were best suited 





uch as gemstones. V ally nai 





Ss are USt 





ited im the modern machine 
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| Sandstone 


Silicates, and in particular quartz, are among the 

least reactive substances and so are most resistant to 
weathering. The quartz grains formed in igneous rocks 
are released as the other minerals are weathered away. 
As they roll about in rivers or are tossed about by 
coastal currents, the edges of the quartz grains are 
smoothed down and become more rounded in shape. 
However, they do not change chemically and so 
remain to form the skeleton of many later rocks. This 
is why sandstones are among the most common rocks. 

Sandstones are grains of quartz and other small, 
unweathered rock fragments cemented together 
by another mineral. Geologists call such rocks 
sedimentary rocks because they are formed of layers 
of rocks fragments (sediments) that have settled out 
onto the ocean floor or some other place where, 
over time, they become “cemented” together. In this 
process the gaps between the grains become filled in. 

The main forms of natural sandstone “cement” are 
iron oxide and calcite. Iron oxide cement is red, 
orange or yellow and stains the outside of the sand 
grains, as well as sometimes forming thin bands of 
highly concentrated material. The iron staining helps 
to highlight patterns in the sandstone, making it easier 
to see in what conditions the sand grains were laid 
down. For example, the sandstone shown here was 
formed from beach deposits, and the ripples of small 
waves can still be seen. 

Calcite (calcium carbonate) is a white cement that 
does not stain the sand grains. As a result, sandstones 
cemented with calcite are light-colored. 

Calcium carbonate is much more likely to become 
weathered than iron oxide, so many calcite-cemented 
rocks crumble relatively easily when exposed to 

wet weather. 
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veath ig: the slow atural pro 
<4 The sandstone in this hacen eg fee Nee 
that break down rocks and reduce ¢ 
rock sample was deposited set Sienna ae 
pe AUS to small fra her by mechanica 
ripples are still visible. 


¥ Sand dunes in Death 


or chemical mea: 
Valley, California 





4 Iron oxide cements 
are very durable 
because they ar 
resistant to weathering, 
The high red sandstone 
cliffs of the Canyonlands 
of the southwest United 
States, for examp! 
including the cliffs of the 
Grand Canyon, b 

witness to this. 





Garnets, zircon and olivine 


In these silicates the silica molecules are held 
| together by metal atoms. This influences the 
shape of the crystals in each mineral. 























The minerals in this group form at very high 
temperatures and are only in rocks associated 
with volcanoes and mountain-building. 
Two of the more easily recognized are 
garnet and zircon. However, the most 
widespread of these minerals is called 
olivine, a mineral found in all dark- 
colored igneous rocks. 


Garnet 
Garnets are common minerals, varying 
in color from green and yellow to deep, rich 
red. All crystal varieties within the group ; 
have a cubic shape. 

Garnets are combinations of iron and 
silica with various additions of 
calcium, aluminum and manganese. 
he metals are responsible for the 
variety of colors. 

Garnets are all hard and have 





a glassy luster. They are 

| formed in granites but are 
especially common in rocks # 
| that have been subjected to 
considerable heat and pressure 
(known as metamorphic rocks), 
where they form crystals much 
harder than the surrounding rock . 


Weathering of rocks causes the garnets 


to stick out and become easy to spot . 
; oe 
One of the most common of these rocks Ege Rx 
is a metamorphic rock called schist “4 # 


> Garnets are often found as single cubic crystals 

with a characteristic opaque pink coloration 
Garnetiferous mica-schist is a common metamorphic 
rock. The majority of the rock is made of mica crystals, 
which gives it its sheen; individual small transparent red 
garnet crystals grow in the mica 











Zircon 
Zircon is the more common name for brilliant sparkling 
diamondlike crystals of zirconium silicate. 
It often forms pyramid-headed crystals in nature. 

Zircon can be found as tiny crystals in many igneous rocks, 
where it may vary in color from brown to green or be 

colorless. Zircon is very resistant to weathering and so is 

also found in sediments such as sandstone, where it 


















often makes up dark grains among the pale 

grains of quartz. 

The transparent form is called “Matura 

diamond.” It has a structure of atoms 
similar to real diamond. Synthetic 





zircon is used in jewelry as a 
substitute for diamonds (known 
commonly as CZs, cubic zirconia). 


A Cubic zirconia is used 
in inexpensive jewelry. 





igneous rock: a rock that has solidified 
from molten rock, either volcanic lava on 
the Earth’s surface or molten magma deep 
underground. In either case the roc! 

develops a network of interlocking crysta 





metamorphic rock: formed either from 
igneous or sedimentary rocks by heat or 
pressure, Metamorphic rocks form deep 
inside mountains during periods of 
mountain building. They result from the 
remelting of rocks during which process 
crystals are able to grow. Metamorphic 
rocks often show signs of banding and 
partial melting 


Olivine 
Olivines are greenish minerals found 
in many igneous rocks. They are 
silicates held together with iron and 
magnesium. They do not usually 
form crystals but instead form grains 
of translucent, brittle mineral. 

They are minerals associated with 
very high temperature and pressure 
and are more common in rocks that 
have been made from materials deep 
within the earth. The diamond pipes 
of Kimberley, South Afri 
mainly of olivine. 





consist 











A Olivine-rich rock showing the 
characteristic green coloration 


<4 Kyanite can form beautiful 
blue blade-shaped crystals, and 
is one of the major mineral 
resources of India. 











Sometimes silica molecules form into rings, 
usually in groups of six. This is not a very 
common occurrence, but it produces some 





of the world’s most spectacular minerals. 


The common form is called beryl, but the 
gemstone forms are emerald and aquamarine. 


Beryl 
Beryl is made of columns of hexagonal crystals. 
The glassy green mineral is often found in large 
pieces, sometimes several metres long. They are 
formed by rings of six silica molecules stacked one 
above the other in sheets. Beryllium atoms help 
to hold the sheets together. 

Beryl is commonly tound in granites, along 
with tourmaline. 





Beryl and the ring silicates 





Oxygen 





A Emerald. 






Emerald 

This is a gemstone with the 
same chemical structure as 
beryl, but with the deep clear 
green color being produced by 
chromium atoms. These atoms 
make emeralds softer than other 
gemstones, for example, ruby. 











igneous rock: a rock that has solidified from 
molten rock, either volcanic lava on the Earth’s 


surface or molten magma deep underground 









In either case the rock develops a network of 
interlocking crystals 


Aquamarine. 


metamorphic rock: formed either from 


igneous or sediment. 





y rocks by heat or 








pressure, Metamorphic rocks form deep inside 
mountains during periods of mountain building, 
They result from the remelting of rocks during 


which process crystals are able te 





Metamorphic rocks often show 
banding and partial melting, 


Aquamarine 
Aquamarine is a clear form of beryl 


that is regarded as a gemstone. 





The blue-green color comes from the 
elements chromium and iron. 





4 Tourmaline. 


Tourmaline 
Tourmaline is a silicate 

ompounded with boron, 
This is the same chemical 
mit that makes some glass 
leat-resistant.) It commonly 
orms black needlelike crystals 
n igneous rocks, especially 

sranites. The faces of the crystals 
lave scratches (striations) on them 
hat make the surfac 





look like a piece 
f a record. The crystals are hard and 
ave a glassy luster. One form of 
ourmaline becomes electrically charged 
when its temperature is changed 














Jade and the chain 


It is more common for silica 
molecules to form long chains, 
similar to the polymerization that 
allows simple organic molecules 
to be formed into plastics. 

Chain silicates are among the most 
common minerals. They are very 
strong in the direction of the chain, 
but they are much weaker between 
chains. This means that they tend 
to break parallel to the chains. 


Pyroxenes and amphiboles 
The pyroxenes are an extensive group of minerals. 
Not only do they form in nature, but they also form 


in many industrial processes. For example, the sl 





produced during the refining of iron ore in a blast 
furnace often has the mineral composition 
of a pyroxene 

Pyroxenes are the major component of 


basaltic lava, the most common rock at 





the Earth’s surface (it underlies all the 
world’s oceans), Thus pyroxenes 
though not widely known, 
are among the most 
common minerals. 

The most frequently seen 
pyroxene mineral, augite, 
is dark green to black 

Amphibole has the 
same chemical composition 
as the pyroxenes, but it forms 
at a lower temperature. 

The most common mineral of this 
group is hornblende, a dark 





black mineral found in all basalts 

Because most basalts cool quickly, only small 
crystals form in them, so it is usually very difficult to 
distinguish between the pyroxenes and amphiboles, 
1s both look like small, dark crystals 
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silicates 
Jade 


Jade is a gemstone that is especially 





highly regarded in Asia. It is a 
combination of a chain of silica 
molecules with sodium and 
aluminum. The green color is 
produced by atoms of iron 

Jade does not occur as crystals 
but rather as large lumps of green 
mineral, which is what makes it 
suitable for carving. It is formed 
under conditions of high 
temperature and pressure deep 
within mountain systems and so 
is a mineral of metamorphic rocks. 


D> The main use for jade is in 
the art of the Far East. It was 
once used to make massive 
objects such as state coaches. 
The jade on this detail of a state 
coach weighs many tons. 
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a! 














igneous rock: a rock 





hat has solidif 






from molten rock, either volcanic laya 





on the Earth’s surface or molten magma 


1 


deep underground. In either case the 








rock develops a network of interlocking 





crystals 


§ metamorphic rock: formed either from 


gneous or sedimentary rocks by heat or 


pressure. Met 










morphic r 


n deep 


inside mountains dui 


mountain buildi 





rystals are able to grow. Metamorphi 





rocks often show signs of banding 


partial melting 


polymerization: a chemical reaction in 
ich large number of similar molecules 





ur 





ze themselves into large molecules 
usually long chains. This process usually 


happens when there is a suitable catalyst 





present. For example, ethylene reacts to 
form polyethylene in the presence of 
certain catalysts. 


A A chain si 











Sheet minerals Mica 


Mica is the third most common 
In many cases silica molecules form extensive group of minerals in the earth’s 
| S ice of tl s| eae “ed crust, after quartz and the 
sheets. Stacks of these sheets are connected feldspars. It easily recognized as 


by metal ions; potassium and magnesium are a silicate because it breaks up into 
among the most common. thin, almost transparent sheets. 
The way the sheets are connected is very The main elements, together | 


pee 3 with silicon and oxygen, are 
important because it gives the minerals many 


aluminum and potassium. 
of their properties. Varieties of mica are black 
Sheet silicates all break up into thin flakes. biotite and brown muscovite 


This can be important. Several of the sheet 


¥ Biotite is the black form of mica. 


silicates are used as lubricants; for example, 

















talcum powder is made from 
the mineral talc. 

Water molecules can 

be absorbed between the 


a 


leets of many clay 
minerals. This is why 
pottery clays swell when 





they are wet and shrink 





when they are fired, and also 
why soils shrink and swell. 


Kaolinite 
There are many different clay minerals, 
but all are composed of sheets 
containing aluminum silicates. 
Kaolinite, a soft mineral that can 
absorb water, is the most common 
clay mineral in the world’s soils 
It is mined from concentrated 
deposits as china clay, and is 
important as the raw material 
for pottery and ceramics 

Kaolinite crystals are too 
small to be seen with an 


ordinary microscope 














> Hexagonal crystals 
of vermiculite 








A The structure 


e of sheet silicates. 
V Muscovite is a brown form 


of mica. This sample shows the 
flakey nature of the material 
and its more massive form, 
Transparent sheets are just 

a few atoms thick 


Serpentine 

The mottled and flaky green 
mineral called serpentine is 

made of magnesium silicate 
Serpentine often has a flinty 


appearance and a dull luster. 


It is formed from the 

nelting of igneous rocks in 
the presence of hot water and 
has much the same chemical 
composition as olivine, from 
which it may have been 


formed (see page 21). 





Firing 
When clay is 
dramatically, 





clay 


neated, its properties change 


and the soft sticky material 


is transformed into a hard brittle substance. 


This property 
making to ma 


set hard for use. 


is used for pottery and brick- 
<e suitable shapes that can be 


During intense heating, or firing, water 


that normally 


occurs between the sheets of 


the clay crystals is driven off, while quartz 


in the materia 


become fused 





melts. Thus the clay crystals 


together by glassy silica. 


Vi 


ha 


dl 


China clay 

China clay is a concentrated deposit 
of the mineral kaolinite 

Kaolinite forms in large quantities 
when the hot fluids emanating from 
underground magma chambers 


intensely weather feldspar. Most china 





clay is white and can be used for 
porcelain and china. It is also used as 
a smooth coating on some paper 


¥ Air-dried pots being prepared for firing. The kiln 
can be seen in the background. 











ceramic: a material based on clay minerals 
® which has been heated so that it has 
chemically hardened. 


magma: the molten rock that forms a 
balloon-shaped chamber in the rock below 
a volcano. It is fed by rock moving upward 
from below the crust. 


oxidation: a reaction in which the oxidiz 
at loses electrons, (Note that oxidizing 





gents do not have to contain oxygen 


sintering: a process that happens at 
moderately high temperatures in some 
compounds. Grains begin to fuse together 





even through they do not melt. The most 
} widespread example of sintering happens 


during the firing of clays to make ceramics 





A Bricks are among the most important products made with sheet silicates. WA kiln-fired porcelain pot 


“Ml The chemistry of firing 
Ceramics are produced by firing (heating) clays 
ina kiln (oven). The air-dried clay objects put into 





the kiln may look and feel dry, but they still 
contain water molecules locked between the sheets 
of the clay minerals. This water is only lost when 
the clay is heated to a very high temperature 

At the same time, the high temperature causes 





an irreversible chemical reaction to occur 
The clay changes into a new mineral (mullite) that 
has tiny needle-shaped crystals. This is what makes 
the ceramic strong. Also, minute grains of silica 
form and fuse together, a process called sintering 
These chemical changes may also cause the 
color of the clay to change. If pure kaolinite is 
used, the ceramic becomes white. However, if the 
kaolinite contains or is mixed with impurities — 
compounds of metals such as chromium, iron or 
manganese — a colored ceramic will be produced 
This is because during the heating process, the 
metal becomes oxidized. The oxides absorb some 
of the wavelengths of natural light, thus making 
the object appear colored 








EQUATION: Chemical change during the fi 


Kaolinite (clay) © mullite (fired clay) + silica + water vapor 
3A1,8i,0-(OH),(s) © Al,Si20);(s) + 4510. 6H,O(¢ 


ng of a ceramic 


he 29 
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Ceramics in engines of the future 


Jet engines place the highest demands on materials. 






At the moment various different metals are used for 
turbine blades and other parts. However, these 
materials cannot meet the needs of the future, 
when engines will have to be lighter and yet more 
powerful. This is where new silicon compounds 
are likely to be used. 

Silicon carbide is one such ceramic material. 
Components made with it can operate at 
temperatures up to 1,600°C, well beyond the 
melting point of many metals. 

The disadvantage of ceramics is their 





brittleness, so at the moment their use is 
limited. However, by making composite 
materials of fiber-reinforced metals and 
ceramics, many of these problems can be 
overcome. Weight for weight, titanium metal 
reinforced with silicon carbide is twice as 
strong as a titanium steel alloy. Glass and glass- 
ceramic reinforced with silicon carbide fibers 
may also be used in the future for even 
stronger and lighter materials. 

¥ Silicon carbide in mineral form is known as 


carborundum. It is very hard and widely used 
in abrasive powders. 














A This is a computer 
model of how the 
temperature varies 
through a turbine blade 
Making sure the ceramic 
composites can stand up 
to high temperatures and 
vibration is a target of 
research departments. 














V The heat given out of the exhaust ports of this jet engine 
gives you a vivid idea of how important it is to have materials 
that can resist heat and also the force of the exhaust gases. 


V Although most blades in turbine engines are 
still made of special steel, especially those 
containing the strong, light metal titanium, 

new technology is making it possible to design 
ceramic blades that will stand up to high 
temperatures better than metal blades. One such 
ceramic blade is shown in the center of this 
picture; the other blades are made of metal 


Ceramic turbine blade 


alloy: a mixture of an 


| and 





ceramic: a material based on clay 
miner which has been heated so 


that it has chemically t 


Titanium 
turbine blade 














Silicones 


Silicones are rubbery materials that contain 
silicon. Like all rubbery materials, the silicones 
have many molecules linked together in long 
chains by a process called polymerization. 
The nature of the polymer varies with the 
nature of additional water-repellent groups 
of atoms in the structure. Methyl groups are 
common substitutes because they make 
silicones waterproof. When methyl-containing 
| silicones are used as waterproofers, some of the 
| oxygen atoms of the silicones attach themselves 
| to the fabric, leaving the methyl groups sticking 
| out of the chains to repel water. 
| Silicones are quite unreactive compounds; 
| thus they can be used in a wide variety of 
| environments where other materials (for 
example, polymers based on petroleum) would 
decompose or react. Thus silicone sealants are 
used around kitchen sinks, space shuttle fuel 
tanks and even for some human body implants. 


P Silicone gasket rings are used in some of the important connectors between 
the fuel tanks and the engines of space rockets. They are able to withstand 
corrosive chemicals and high temperatures that are generated as the engines fire. 





ant on clothing and umbrellas. 





2 











polymer: a compound that is made of long chains by combining 
molecules (called monomers) as repeating units mean: 


many 





polymerization: ; 





What makes silicones flexible 


Silicon and oxy ther simply make a material that 





is hard and brittle, just like quartz. But by combining the 
silica with organic materials, the result is a flexible 
compound that has all the advantages of both silica 
it will stand up to high and low temperatures, is not 
affected by the weather or ultraviolet light, does 
not burn) and rubber (it is flexible, can be molded, 
will set into a shape, is waterproof) 

Silicones also have one extra important property 
although they repel liquid water, they do allow water 
vapor to pass through (they are not gastight). This 





property allows waterproof clothing to “breathe.” People 
can thus remain comfortable and dry inside waterproof 


clothing. Similarly, silicones painted onto timber or brick 





will stay watertight, but they can sull breathe 

The only disadvantage of silicones is that they are not 
quite as flexible or strong as other types of rubber 

Some of the silicone rubbers used in the home 
for example, bath and sink sealants) can be squeezed out 
of tubes. They then set over the next few hours, sticking 
to the surfaces they have been applied to and curing, 
which emits a distinctive acrid smell (this is acetic acid 
gas). Other types of silicone actually cure using moisture 


from the air 












Silicon chips 
p 
A silicon chip is a piece of pure silicon that 
has been treated with other chemicals in a 
way that gives it special electrical properties. 
A piece of silicon is normally a very good 
insulator, that is, it has a very high resistance 


Making semiconducting 
materials 

Silicon can be made semiconducting 
by combining phosphorus with silicon. 
As crystals of silicon and phosphorus 
grow, they bond together to leave one 
electron spare. The spare electrons 

are free to move and therefore to 





to the flow of an electric current. 


Materials only conduct electricity when 


they have mobile electrons that can flow 


when an electrical voltage is applied. Metals, 
for example, have many mobile electrons in 


their structure and so are very good 


conductors (they have a very low resistance). 
In a silicon atom there are no electrons that 


are able to move and produce an electric 


current. However, scientists have been able 


to give silicon a resistance somewhere 


between an insulator and a conductor. This 
resulting material is called a semiconductor. 


A diode 

The simplest silicon chip is called a diode. It is a 
small piece of silicon that has two regions doped 
with metal. This is normally achieved by doping 
the whole of the chip with one impurity and then 
doping a small section with another impurity. 


Sandwich made of silicon wafers 
doped with different substances 


The p-type region 
of the chip has an 
excess of electrons 


The n-type region 
has a shortage of 
electrons 











Voltage applied 


conduct electricity. 

Silicon with added phosphorus has 
a surplus of electrons; it is called a 
negative type or n-type semiconductor, 
Silicon with added aluminum, 
on the other hand, leaves a deficit of 
electrons. This makes it a positive 
or p-type material. 

By sandwiching the two materials 
and applying a voltage across them that 
attracts electrons from the n-type to the 
p-type, a current can be made to flow, 

Ifa voltage is applied in the other 
direction, however, electrons cannot 
move. This kind of semiconductor is 
called a junction diode. 


The uses of diodes 
Junction diodes are widely used in electronics 
to detect signals in radios and act as switches 
in computers. But some diodes can also send 
out light when a voltage is applied across 
them. These are known as light-emitting 
diodes, or LEDs. Light-emitting diodes readily 
produce red, yellow and green light. 
They have an extremely long life and are now 
used as indictor lights for most electronics. 
The indicator light on the front of a computer 
monitor, for example, does not have a bulb 
behind it but an LED. And the color of the 
light is not caused by a piece of green plastic; 
the color you see is the color of light emitted 
by the LED. 

Some LEDs send out infrared radiation. 
These can be used to send information along 
optical cables. 











diode: a semicond 





Crystals of ultrapure silica 
Ultrapure silicon — needed for semiconductors — is 


urrent to flow 








obtained from silica by growing a large crystal from a doping 
3 : of silicon to 
tub of molten silica. This is done using the Czochralski : 
method of crystal growth: A rod is pulled slowly out electron: a tiny, negative 






of the melt, leaving a growing crystal behind it 





ial of intermediate 


tor devices ofte 





part of diodes 


Solar cells 

The photoelectric effect is the release of 
electrons from semiconductors when light 
falls on their surfaces. Its use to generate 





ectricity from sunlight has given some 





‘solar cells.” 





semiconductors the nickname 

When light falls on the junction of a 
junction diode semiconductor, photons are 
absorbed, providing enough energy to allow 
some electrons to move across the junction 
This produces an electric current; light is 
converted directly into electricity 

The solar cell junction diode is made 





so that as much light as possible falls on the 
junction. The surface layer of the diode 
sandwich is therefore made very thin 

and transparent 


A solar cell produces between 0.6 and 1.0 





volts a tiny current (a few milliamps 


To make the cells more powerful and 





a better working voltage, cells are 


connected together 





AA pure silicon crystal, which will be sliced up to make “chips. ~ aE 


D Solar cell arrays have to be placed in large banks if they are 
to generate substantial electricity. They also have to be placed 
in parts of the world where sunshine is common and the sun 
shines from as close to overhead as possible. Sites on or near 
the equator are ideal. 


4 Light-emittir 
can be used f 
energy consum 
rear-view lights d 
to be fitted to bicy 








ir low- 























a 
Silicon and integrated 
circuits 


Silicon has always been an important element in 










our lives through the silicates that surround us. 
But through the development of transistors and 
integrated circuits, this element has, in recent 
years, helped to transform the ways we do things, 
perhaps more than any other element on Earth. 
Here are some of the components that have made 
this revolution possible. 


Transistors 
The transistor lies at the heart of the electronics revolution. It is the 
fundamental building block of all computers and other solid-state 
circuits, Its invention in 1948 allowed large, cumbersome, unreliabl 
and energy-consuming valves (vacuum tubes) to be replaced with 
small, robust, reliable devices that used very little energy 
Transistors, developed from junction diodes, have two junctions, 
which can be arranged to give two quite different effects. In one 
type the junctions are arranged back to back. This type has a single 
chip of silicon doped with one metal in the middle and a different 
metal at both ends. The central region of the transistor is called the 


base, and it controls the flow of current through the chip from one 





end (called the emitter) to the other end (called the collector). 

This kind of transistor is often used as an amplifier. A tiny current 
generated by, say, a voice from a microphone, arrives at the base of) 
the transistor. A much larger current is flowing through from the 
emitter to the collector. The small base current interferes with this 
flow, making changes in the large current that mirror the changes 
in the small current. If this larger current is fed into a loudspeaker, 
an amplified sound is heard. 

Alternatively, the same transistor can also be made to act as a very 
fast switch, This is how it is used in computers 

Since the first transistors were developed there have been many 
advances in how they are made. In particular, special types of 
transistor (known as MOSFETS or metal oxide semiconductor field 
effect transistors,) are simpler and need fewer components 
to complete their circuits. These are used as the main elements 
in microprocessors, where they are grouped by their thousands 
to make an integrated circuit or IC, commonly known as a “chip.” 











































Quartz crystal a 

The crystal structure of quartz 

The crystal structure of quartz is responsible 

for many of its unique properties. For example, 


a quartz crystal placed under pressure will 





produce electrical charges at each end of 


\ the crystal. A voltage applied across it results 
Liquid crystal 


i chang shape. se 
(LCD) display in minute changes in shape. These two 


phenomena make up the piezoelectric effect 

‘A A quartz watch uses the piezoelectric The Tea eABEE cat 1 
ree fe keen superb accumepee vee piezoelectric effect can be used as 
low cost. a pressure gauge or an electrical oscillator 
. id t (a device that vibrates). Quartz crystal oscillators 
are at the heart of every digital watch and the 
clocks that help to control computers 

Quartz oscillators are also used in radios and 


other receiving and transmitting devices 


ICs (integrated circuits) 

By carefully placing the doping impurities 
on a wafer of silicon, the wafer can be 
made to behave as though it were many 


Separate components. 





This is possible because silicon can be made to 


y short distances. 


components to be microscopically small. 
The principle of an IC is simple, but making 
Cs is extremely difficult because of the 


hiniaturization and accuracy required. A circuit 





is first drawn at a large-scale and made up as 





photographic transparency. A light is shone 





hrough the transparency and focused onto 
@ silver-based, light-sensitive coating on the 
Surface of the chip 

The chip surface is next etched so that only 
the silv 


At the same time, impurities have to be 


that will make the circuit re 





1 





introduced into the surface of the wafer so that 
the chip can act as transistors, diodes, resistors, 
etc., and thus complete the circuit 

The whole of this circuit and the aluminum 
Meads that will be used to connect the IC to the 
‘wider world” are encased in a plastic block 


A modern IC, showing the multitude of external connections 








Glass 


When silica is heated to very high 
temperatures (about 1,600°C), 
the natural bonds of the silica break 
down and the crystals change to 
a noncrystalline amorphous, glassy 
material called fused silica. If metal 
compounds are added to the melt, 
the result is the transparent material 
we know as glass. 
All glass contains a natural glass, 
for example, silica in the form of sand 
and a flux such as sodium carbonate to 
make the glass melt more easily. 
Glass and a flux alone are not stable; for 
example, such glass is soluble in water 
(see water glass on page 6). As a result, a 
stabilizer, in the form of calcium 
carbonate (limestone) must be added. 
The sodium-calcium-silicon glass is 
called soda-lime glass. About nine-tenths 





of all glass is soda-lime glass. Its main use 


is as Windows and bottles. It has about A'Siicssods analne rexcorotormeoeeineene 
one-eighth soda, one-eighth lime and The addition of these materials splits up the tight 
: “ere structure of pure quartz, lowering its melting point 
three-quarters sand (silica). This makes it less viscous and easier to melt and shape 
: The top picture shows a rod of soda-lime glass 
Sometimes boron oxide is added bending in a Bunsen flame. Notice the flame color 


has been changed because of the presence of sodium 


to = ‘It. This change: > proper 
the melt. This changes the property and calcium atoms that produce orange and red colors, 


of the glass so that it does not expand respectively. 
or contract significantly with changes in - 
a ? a The structure of glass 
temperature. This means the glass will Glass is nonecrystalline, or amorphous. 
notcrack when heated orcooled The silicon atom is completely surrounded | 


suddenly. This is the form of glass used by four oxygen atoms. Each silica molecule 
. - touches those adjacent to it and shares 

in most cookware applications. oxygen atoms, making randomily arranged 
chains and rings. The sodium and calcium 
ions in soda-lime glass fit in between the 


rings and help to lock them together. 


38)- = 



































EQUATION: Chemical change in soda glass 


Sodium carbonate + silica > soda glass + carbon dioxide 
NasCO; + SiO,(s S Na,SiO;(s + COA 












EQUATION: Chemical change in lime glass 


Calcium carbonate + silica © lime glass + carbon dioxide 
CaCO,(s + Si0(s Q CaSiO,(s + COA¢ 


V Glass cracks because it is a poor conductor of heat. As a result, when one side is heated, 
the other side remains cool. As the heated side tries to expand, the glass cracks. 
Borosilicate glass not only has a high melting point, but it resists changes in size both on 
heating and cooling and thus prevents cracking. In this borosilicate tube, sodium chloride has 
been melted, The melting point of sodium chloride (common salt) is 809°C. 











Making glass 


Float glass is the name given to large flat 
sheets of glass that are made by floating 
molten glass on molten tin. 

The manufacture of float glass relies 
on several unique properties of tin. 

Tin and glass do not react; tin is denser 
than glass; and whereas the melting point 
of tin (232°C) is far below the melting 
point of glass (1,400°C), the boiling point 
of tin is well above the melting point of 
glass. Thus tin can be used as a stable, 
nonreacting liquid on which to float 

the glass. 

During the continuous formation of 
flat glass, molten glass is run out over a 
very shallow bed of molten tin, ensuring 
that the glass cools as a smooth, flat sheet. 


Furnace tank 

















Sand, sodium carbonate, 
calcium carbonate and 
recycled glass 


Molten glass 


Gas heaters 


Molten glass pours 
over lip and into 
float bath 





















A The traditional method of blowing glass. The almost 
molten glass is collected on the end of a pipe, and a skilled 
worker blows down the tube and into the molten ball. 


Float bath 
\ 
\ 





Very shallow layer of molten tin 





a) 











Colored glass 

Colored glass is made by adding a variety of metal 
compounds to the melt, usually in quantities that 
compnise less than half of 1% of the glass. Soda-lime glass 
is normally a very pale green, mainly because it contains 
impunites of iron. But to get a richer color more 
impurities must be added. A rich red is obtained by 
adding cadmium sulfide and selenide. Cobalt is added to 





produce a deep blue glass. Brown is obtained by adding 


iron sulfide. It is used for some beer bottles. Manganese 
gives pink and violet colors 


V This picture is a piece of 
Venetian glassware, which 
has been skillfully molded 
at a temperature near 
the melting point 
of glass. 


















Diamond tipped 
cutting point 









































Using silica to predict eruptions 


All lavas are silicates. They are the source of 


V A piece of acid lava froma 
volcano. This material is high in silica 


the world’s sandstones, clays and other rocks 
and materials. But volcanic eruptions can 
produce great danger for people living quite 
close to them, and any way of predicting the 
nature of the next explosion will help to save 
lives. One of the most promising 
developments of recent years has been in 





the investigation of the chemistry of lavas, 
especially the amount of silica they contain. 




















<4 Basaltic material magma: the molten rock that forms a balloon- 


oozing out of a shaped chamber in the rock below a volcano. It is 
Hawaiian voleano. | fed by rock moving upward from below the crust 
Basalt is very low in 

silicon and so will viscous: slow-moving, syrupy. A liquid that has a 
not produce violent f low viscosity is said to be mobile 


eruptions. 


Chemistry of magma chambers 
The minerals that pour over the Earth’s surface or that are sent 
high into the sky as ash are formed at great depth in pockets 
of molten rock known as magma chambers. 

Ma 


This is because they receive new materials from below, and from 





xma chambers do not have a uniform chemical composition. 


time to time, they send newly formed minerals to the surface 

Scientists have found that the type of minerals created depend 
on the length of time the magma sits in the magma chamber before 
it is emptied and refreshed from below 

The longer the waiting period (the longer the volcano is 
dormant), the more the minerals become dominated by silica 
as opposed to the other mineral-forming elements, What happens 
is a kind of separating process, in which the silica rises to the top of 
the chamber, and the other heavier elements are pushed below 

An eruption of rock rich in silica (say between 65 and 75'% silica) 
does not flow easily. It is called a viscous lava. As a result it quickly 
solidifies as it reaches the air. The pressure of the rising magma 
behind causes this syrupy material to be blown to pieces, leading to 
an explosion of great violence and the ejection of huge volumes of 
fragments of lava, which cool to form ash as they fall through the 
air. On the other hand, if the magma has been refreshed relatively 
recently, the magma has not had time to separate out, and it 





remains less rich in silica (say 45-55) sa result, the lava is runny 





and able to flow from the volcano easily, with little build up of 
pressure. It is rich in dark iron and manganese minerals such as 
olivine and hornblende. An eruption of this lava is not as violent 
and therefore less liable to lead to disaster 

Scientists can look at the materials surrounding a volcano and 
find out how old they are. They can also examine the minerals 
they contain. From this information it is possible to work out how 





often the volcano erupts on average, and what kind of material it 
ejects on each occasion. Using this chemical information, and the 
length of time since the last eruption, the degree of violence of 


the next eruption can be predicted 


4 The violent eruption of Mt. St. Helens in 1980 was due to the high 
silica content of the magma in the chamber below the volcano. 
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Key facts about... 


| Silicon 


A gray element, 
chemical symbol Si 


Good insulator e Melts at a higher 
temperature than 
Usually found most metals 


combined with 
oxygen as sand 


Has no smell or taste 


silicon chips 


Density 2.3, about 
Ld the same as a rock 
sample 


e@ 
oe 
Used to make e°@ @ e°@ 
@ 
@ 
Can be made to e 
give out light 
e 


Comprises about 
Poor conductor 27% of the 


of heat Earth’s crust 


Atomic number 14, 
atomic weight about 28 


SHELL DIAGRAMS 
The shell diagram on this page 
represents an atom of the 
element silicon. The total number 
of electrons is shown in the 
relevant orbitals, or shells, 

around the central nucleus. 





Electron shell 


\ Electron 


\ 


| / 





Nucleus containing 
protons and neutrons 
(called nucleons) 


PP The small picture shows a 
ceramic crucible on a pipe triangle 
being used in a high-temperature 
laboratory experiment. The large 





re is a fine example of 





glass. The dolphin 








is inside the bi 
































The Periodic Table 


The Periodic Table sets out the relationships writing a chemistry textbook and wanted to show 
among the elements of the Universe. According his students that there were certain patterns in the 
to the Periodic Table, certain elements fall into elements that had been discovered. So he set out 
groups. The pattern of these groups has, in the the elements (of which there were 57 at the time) 
past, allowed scientists to predict elements that according to their known properties. On the 
had not at that time been discovered. It can still assumption that there was pattern to the elements, 
be used today to predict the properties of he lett blank spaces where elements seemed to be 
unfamiliar elements. missing. Using this first version of the Periodic 
The Periodic Table was first described by a Table, he was able to predict in detail the chemical 
Russian teacher, Dmitry Ivanovich Mendeleev, and physical properties of elements that had not yet 
between 1869 and 1870. He was interested in been discovered. Other scientists began to look for 


GROUP 














the missing elements, and they soon found them. 


il 2 


B Metals 
0) Metalloids (semimetals) 
AB Nonmetals 


Transition metals 


Ung | 
erica DS Crea 
61) 


Lanthanide metals 


‘ 


Actinoid metals 











Hydrogen did not seem to fit into the table, and 
so he placed it in a box on its own. Otherwise the 
elements were all placed horizontally. When an 
element was reached with properties similar to the 
first one in the top row, a second row was started. 
By following this rule, similarities among the 
elements can be found by reading up and down. 
By reading across the rows, the elements 
progressively increase their atomic number. This 
number indicates the number of positively charged 
particles (protons) in the nucleus of each atom. 
This is also the number of negatively charged 
particles (electrons) in the atom. 

The chemical properties of an element depend 
on the number of electrons in the outermost shell. 


. 


Atomic (proton) number 





Approximate relative atomic mass 


Atoms can form compounds by sharing 
electrons in their outermost shells. This explains 
why atoms with a full set of electrons (like helium, 
an inert gas) are unreactive, whereas atoms with an 
incomplete electron shell (such as chlorine) are 
very reactive. Elements can also combine by the 
complete transfer of electrons from metals to 
nonmetals, and the compounds formed contain 
ions, 

Radioactive elements lose particles from their 
nucleus and electrons from their surrounding 
shells. As a result they change their atomic number 
and so become new elements. 
























Understanding equations 





As you read through this book, you will notice 
that many pages contain equations using symbols. 
If you are not familiar with these symbols, read 
this page. Symbols make it easy for chemists to 
write out the reactions that are occurring in a 
way that allows a better understanding of the 
processes involved. 


Symbols for the elements 

The basis of the modern use of symbols for 
elements dates back to the 19th century, At this 
time a shorthand was developed using the first 
letter of the element wherever possible. Thus 
“O” stands for oxygen, “H” stands for hydrogen 


Written and symbolic equations 





and so on. However, if we were to use only the 
first letter, then there could be some confusion. 
For example, nitrogen and nickel would both 
use the symbols N. To overcome this problem, 
many elements are symbolized using the first two 
letters of their full name, and the second letter is 
not in capitals. Thus although nitrogen is N, 
nickel becomes Ni. Not all symbols come from 
the English name; many use the Latin name 
instead. This is why, for example, gold is not G 
but Au (for the Latin aurum) and sodium has the 
symbol Na, from the Latin natrium. 

Compounds of elements are made by 
combining letters. Thus the molecule carbon 


In this book important chemical equations are briefly stated in words (these are called 
word equations) and are then shown in their symbolic form along with the states. 


What reaction the equation illustrates 


ee 


Written equation 


+ 


€aO(s) 
Symbohequation ——— 


Sometimes you will find an additional 
description below the symbolic equation. 


Diagrams 
Some of the equations are shown as graphic representations. 


Oxygen 


Hydrogen 


(0) 


Calcium 


Calcium oxide Water 


Sometimes the written equation is broken up and put 
below the relevant stages in the graphic representation. 





EQUATION: The formation of calcium hydroxide 


~~ — Calcium oxide + water « calcium hydroxide 
H,0() 8 


Ca(OH) (aq) 


heated 


Symbol showing the state: 
sis for solid, [is for liquid, 
is for gas and aq is for aqueous. 


Calcium hydroxide 








monoxide is CO. By using letters that are not 
capitals for the second letter of an element, it is 
possible to show that cobalt, symbol Co, is not 
the same as the molecule carbon monoxide, CO. 

However, the letters can be made to do much 
more than this. In many molecules, atoms 
combine in unequal numbers. So, for example, 
carbon dioxide has one atom of carbon for every 
two of oxygen. This is shown by using the 
number 2 beside the oxygen, and the symbol 
becomes CO3, 

In practice, some groups of atoms combine as a 
unit with other substances. Thus, for example, 
calcium bicarbonate (one of the compounds used 
in some antacid pills) is written Ca(HCO3)>. This 
shows that the part of the substance inside the 
brackets reacts as a unit, and the “2” outside the 
brackets shows the presence of two such units. 

Some substances attract water molecules to 
themselves. To show this a dot is used. Thus the 
blue-colored form of copper sulfate is written 
CuSO,.5H,0. In this case five molecules of 
water attract to one copper sulfate. When you 





Atoms and ions 

Each sphere represents a particle of an element. 

A particle can be an atom or an ion. Each atom or ion 
is associated with other atoms or ions through bonds — 
forces of attraction. The size of the particles and the 
nature of the bonds can be extremely important in 
determining the nature of the reaction or the 
properties of the compound. 


This indicates that the 
compound is ionic. 





D> This represents 
a unit of sodium 
bicarbonate (NaHCO). 


The term “unit” is sometimes used to simplify 
the representation of a combination of ions. 


by “s 


Bond shown 
stick” | 


see the dot, you know that this water can be 
driven off by heating; it is part of the crystal 
structure. 

In a reaction substances change by rearranging 
the combinations of atoms. The way they change 
is shown by using the chemical symbols, placing 
those that will react (the starting materials, or 
reactants) on the left and the products of the 
reaction on the right. Between the two, chemists 
use an arrow to show which way the reaction is 
occurring. 

It is possible to describe a reaction in words. 
This gives a word equation. Word equations are 
used throughout this book. However, it is easier 
to understand what is happening by using an 
equation containing symbols. These are also 
given in many places. They are not used when 
the equations are very complex. 

In any equation both sides balance; that is, 
there must be an equal number of like atoms on 
both sides of the arrow. When you try to write 
down reactions, you, too, must balance your 
equation; you cannot have a few atoms left over 
at the end! 

The symbols in brackets are abbreviations for 
the physi 
so that (s) is used for solid, (/) for liquid, (g) for 
gas and (aq) for an aqueous solution, that is, a 


al state of each substance taking part, 





solution of a substance dissolved in water. 


Chemical symbols, equations and diagrams 
The arrangement of any molecule or compound can 
be shown in one of the two ways below, depending 
on which gives the clearer picture. The left-hand 
diagram is called a ball-and-stick diagram because it 
uses rods and spheres to show the structure of the 
material. This example shows water, H,O. There are 
two hydrogen atoms and one oxygen atom. 


4 rd 
Colors too 


The colors of each of the particles help differentiate 
the elements involved. The diagram can then be 
matched to the written and symbolic equation given 
with the diagram. In the case above, oxygen is red 
and hydrogen is gray. 














alloy: a mixture of a metal and various other elements 


ceramic: a material based on clay minerals which has 
been heated so that it has chemically hardened, 


crystal: a substance that has grown freely so that it can 
develop external faces, Compare with crystalline, where 
the atoms were not free to form individual crystals, and 
amorphous, where the atoms are arranged irregularly. 


diode: a semiconducting device that allows an electnic 
current to flow in only one direction. 


doping: the adding of metal atoms to a region of silicon 
to make it semiconducting, 


electron: a tiny, negatively charged particle that is part 
of an atom. The flow of electrons through a solid 
material such as a wire produces an electric current 


gemstone: a wide range of minerals valued by people, 
both as crystals (such as emerald) and as decorative 
stones (such as agate). There is no single chemical 
formula for a gemstone 


glass; a transparent silicate without any crystal growth, 
It has a glassy luster and breaks with a curved fracture. 

Note that some minerals have all these features and are 
the 
silicate, 





efore natural glasses. Household glass is a synthetic 


igneous rock: a rock that has solidified from molten 
rock, either volcanic lava on the Earth’s surface or 
molten magma deep underground, In either case the 
rock develops a network of interlocking crystals 


luster: the shininess of a substance: 


magma: the molten rock that forms a balloon-shaped 
chamber mn the rock below a volcano, It is fed by rock 
moving upward from below the crust 


metamorphic rock: formed either from igneous or 
sedimentary rocks by heat or pressure. Metamorphic 
rocks form deep inside mountains during periods of 
mountain building. They result from the remelting of 
rocks during which process crystals are able to grow. 
Metamorphic rocks often show signs of banding and 
partial melting. 


mineral: a solid substance made of just one element or 
chemical compound. Calcite is a mineral because it 
consists only of calcium carbonate; halite is a mineral 
because it contains only sodium chloride; quartz is a 





mineral because it consists of only silicon dioxide. 








molecule: a group of two or more atoms held together 
by chemical bonds. 


oxidation: a reaction in which the oxidizing agent loses 
electrons. (Note that oxidizing agents do not have to 
contain oxygen.) 


polymer: a compound that is made of long, chains by 
combining molecules (called monomers) as repeating 
units. (“Poly” means many, “mer” means part.) 





polymerization: a chemical reaction in which large 
number of similar molecules arrange themselves into 
large molecules, usually long chains, This process usually 
happens when there is a suitable catalyst present. For 
example, ethylene reacts to form polyethylene in the 
presence of certain catalysts. 


precipitate: tiny solid particles formed as a result of a 
chemical reaction between two liquids or gases. 





semiconductor; 4 material of intermediate 
conductivity, Semiconductor devices often use silicon 
when they are made as part of diodes, transistors or 
integrated circuits 





sintering: a process that happens at moderately high 
temperatures in some compounds, Grains begin to fuse 
together even through they do not melt. The most 
widespread example of sintering happens during the 
firing of clays to make ceramics. 





solution: a mixture of a liquid and at least one other 
substance (e.g., saltwater). Mixtures can be separated by 
physical means, for example, by evaporation and 
cooling. 







translucent: almost transparent. 


vein: 4 mineral deposit different from, and usually 
cutting across, the surrounding rocks. Most mineral and 
metal-bearing veins are deposits filling fractures. The 
veins were filled by hot, mineral-rich waters rising 
upward from liquid volcanic magma, They are 
important sources of many metals, such as silver and 
gold, and also minerals such as gemstones. Veins are 
usually narrow and were best suited to hand-mining. 
They are less exploited in the modern machine age. 


viscous: slow-moving, syrupy. A liquid that has a low 
viscosity is said to be mobile 


weathering: the slow natural processes that break down 
rocks and reduce them to small fragments either by 
mechanical or chemical means. 
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emulsion 4: 38, 5: 32, 14: 43 
enriched uranium 152 
environmental damage 11: 43 
environmental impact 8: 42-43 
Epsom salts 13: 
equations 1-18: 4849 
esters 1: 30, 8: 29, 41 
ethane 8: 28 
ethanol 
ethyl acetate 8: 29 
ethylene 1: 14, 8: 27, 29, 32, 33, 
13: 40, 14: 10, 
ethylene glycol 8: 37, 12: 
ethyl ethanoate 8: 29, 31 
ethyne 8: 29 
evaporated 14: 8 
evaporation 2: 11, 1 
24, 142 12 
exothermic reaction 2: 34, 35, 
12: 14, 36 
explosives 1 
extrusion 


exothermic 


fallout, nuclear 15: 
fast reactor core 15: 33 
30, 32, 2: 35, 8:29 


feldspar 2: 8.41, 7: 7, 10, 9: 10, 11, 
26, 28 

Fermi, Enrico 15: 33 

ferric hydroxide 








| fernc oxide 4: 11 
















ferrocyamide 4: 15 

ferrous 4: 14 

ferrous hydroxide 

fertilizer 1: 16, 24, 26, 2: 5, 40. 
11: 12, 13, 20-21, 36, 13: 17, 
29, a3, 

film badge 15: 12 

fire extinguishers 7: 38, 8: 13 

fireworks 11: 26 

firing 9: 28 

fission 15: 28-29, 34 

fission bomb 15: 38 

fixing 5: 32 

fixing nitrogen 11: 16-19 

Flag: 4,45 

flame retardants 12: 35 

float glass 9: 40-41 

locculate 3: 25 

flotation 5: 10, 11 

flowstone 3: 14 

fluorescence 14: 9 

fluorescent lights 6: 35, 42 

fluorescent tube 1: 42, 2: 38, 39 

fluoride 14: 4, 3, 37 

fluorine 1: 8, 8: 33, 12: 10, 14: 4,5, 
6, 8, 36-37, 38, 45 

fluonte 1 

fluoroethylene 14: 23 

fluorspar 3: 8, 142 36 

flux 6: 17, 25, 10: 42, 14: 36 

food chain 6: 39 

fool's gold 4: 18, 13: 13 

forged 4:28 

formaldehyde 8: 28 

formalin 8: 28 

Fort Knox 5: 41 

fossil 3: 11 

fossil fuels 3: 13, 8: 11, 12, 13: 5, 16 

fossy jaw 11: 38 

factional distillation 1 

fractionation 8: 24~ 

fractionation column 8: 25, 11: 8 

fractionation tower 1: 14, 7 

fractions 8: 25, 26 

framework silicate 9: 14, 15 

Frasch process 13: 16, 17 

Frasch, Herman 13: 16 

freezing point, water 

freon 14: 38 

froth flotation process 6: 8, 10: 11 

fiucus red 6: 38 


























9, 128 17 














a4 











fuel 1: 6,7 
fuel element 15: 2 
fuel rod 15: 5, 33, 34, 3 





fuming nitric acid 1: 26, 6: 28 

fungicide 5: 6: 
14: 28 

furnace 4: 30, 7: 45, 

fused silica 

fusion 1:6, 7, 15: 30-31 

fusion bomb 1: 











galena 10: 6, 7, 30, 13: 12, 24 
gallium arsenide 6: 42 
galvanic cell 6: 13 
Galvani, Luigi 6: 11, 16 
galvanized iron 4: 10 
galvanizing 6: 16-17, 12: 
gamma radiation 15: 8. 9, 15. 42 
gamma rays 15: 8 

gangue 5: 11, 6:9, 10: 11, 12 
gamet 4: 40, 9: 20 











gametiferous mica-schist 9: 

gas ts 

gas oil 1: 14 

gasoline 1: 14, 8: 26, 27, 10:4, 32 

xgeiger counter (Geiger-Miller tube) 
15: 12, 13, 21 

Geiger, Hans 15: 12 

gelatin 5: 32 

gelatinous precipitate 4: 15, 13: 36 

gemstone 7: 8,9, 9 12, 13, 12: 10 

geysers 3:17, 13: 9 

gilding metals 5: 18 

glass 2: 30, 40, 3: 

















4:40, 






23, 30, 38, 40, 41, 10: 26, 
0 





glass-ceramic 

Glauber’s salt 13: 32, 33 

glaze 4: 38, 10: 24, 25 

global warming 8: 12 

glucose 5: 34, 8: 10, 11, 18, 125 15 

glycerol 1: 32, 2: 35 

glycerol trinitrate 8: 6, 11: 27 

goiter 14: 40 

gold 5: 5, 28, 36-43. 45 
¥, 16, 10: Wa: 

gold leaf 5: 40 

gold plating 5: 43 

xgold rush 5: 37. 38 

Goodyear, Charles 8: 35,1 

grains 9: 21 

granite 2: 8, 41, 7:6, 10, 9: 11, 20, 



























3, 15: 18, 23 
graphite 7: 19, 8: 8, 9, 22, 142 18, 
0 
green gold 5: 42 





Greenhouse Effect 7: 41, 8: 12, 42 
greenhouse gas 
green vitnol 1 
Guinea 7: 11 
guncotton 11: 27 

gunpowder 2: 41, 11: 26, 13: 40, 41 
gypsum 3: 8, 30, 11: 43, 13: 12, 

2 











HAs, 44 

Haber-Bosch process 1: 16, 17, 
11: 16 

half-life 15: 16-17. 18 





halides M8 
halite 2: 8, 9, 14: 8, 9 

Hall, Charles Maran 7: 12 
Hall-Héroult process 7: 19 

halogens 2: 40, 8: 23, 14: 4, 5, 6, 22 
halothane 14: 3 

hard water 3: 38, 40 

He 1:5, 44 

heart 2: 41 

heat conduction 5: 15 

heavy water 1: 44 











helium 1: 19, HAL AS, 
15: 25, 30, 42 
hematite 13,15, 12: 11 





hemoglobin 12: 
Henckel, Johann 6: 8 
herbicides 8: 42 
Héroult, Paul L. T 
hexagonal crystal 9: 10, 22 
hexandioc acid 8: 36 
hexan-dioyl chloride 8: 38 
Hy 6:5, 44 
high-level waste 15: 40 
Hiroshima 15: 34 
Hoffman's voltameter 1:10, 11 
12: 18 














homblende 9: 24, 43 
hot springs 3: 17 
hydrated 13: 
hydrated, lime 
hydrocarbons 8: 6, 24-25, 
14:23 
hydrochloric acid 1: 12, 
22-23, 28, 34, 35, 3: 34, 43, 
6: 11, 28, 8: 15, 11: 36, 
14: 10, 11, 15, 17, 
. 33, 34, 35 
hydroelecenc power 7: 13 
hydrofluoric acid 14: 37 
hydrogen 1: 4, 11, 14, 17, 16, 44, 
6, 27, 42, 3:7, 34, 1, 
61) |, 12: 8, 18, 






























19, 38, 13: 26, 14: 19, 21, 22, 





hydrogen bonding 

hydrogen chloride 
33.34 

hydrogen fluoride 14: 37 

hydrogen gas 6: 11 

hydrogen ions 1: 10, 20, 32, 34, 36, 
12:9, 19 

hydrogen peroside 12: 21 

hydrogen sulfide 1: 27, 2: 33, 4: 18, 
5: 29, 34, 6: 40, 13: 4, 10, 16, 
24-25, 25, 37, 44 

hydrogen-3 (tritium) 15: 17 

hydrometer 13: 31 

hydrophilic 2: 37 

hydrophobic 2 

hydrothermal deposits 

hydrothermal veins 5 

hydrothermal vents 1. 

hydrous 4: 13 

hydroxide ions 1: 10, 11, 20, 32, 34, 
3: 25,29, 12:9 

hypochlorous acid 14: 17 


I 




















1 14:5, 44 
ice 1:8 
ice, prevention 2: 24 

Iceland Spar 3: 8 

igneous rock 9: 11, 18, 20, 21. 23. 
5, 15: 18 

incandescent lights 1: 42, 43, 11: 11 
incendiary device 





indicator 7.426 





induction period 12: 36, 
inert 1: 39 

inert gas 1: 36, 38 
infrared radiation 10: 
inorganic chemicals 
insoluble 1: 32 
34 

jate level waste 15: 400 








insulator 








interme’ 





internal combustion engine 8: 16 
12: 40 






6,8,9, 40-41, 4 


ions 7: 18, 9: 26, 38 


indium 3: 


iron 1: 26, 3: 36, 454, 19, 44, 6: 16, 
7:24, 9: 29, 41, 43, 10: 38, 
39, 11: 17, 12: 26, 27, 30, 34 

iron chloride 4: 14, 15 

iron filings 4: 7 

iron foundry 4: 29 

iron hydroxide 4: 11, 14, 15, 12: 31 

iron ore 4: 13, 17, 

iron oxide 7: 16, 
19,11: 4 
34 

iron oxides 4: 11, 12, 13, 14, 15, 16, 

24,27, 30, 40 

























iron sulfide 4: 18, 19, 21, 13: 15, 24 
iron III compounds 4: 14 

iron It hydroxide 1: 33, 42 11, 14 
iron II compounds 4: 14 

iron Il hydroxide 4: 15 

irradiation 15: 42-43. 

imigation 2: 20, 21 

isoprene 8: 35 

isotope 1: 44, 11: 6, 15: 4,7 


J 





jade 9: 12, 24 
Jamaica 711 





jet engines 9: 30 
jewelry 5: 28, 40), 8 8 
junction diode 9: 34, 35 


K 








K 2:5, 45 

kaolinite 72 7, 92 26, 28, 29 
kant 3: 11 

Kellner, Ka 

kerosene 1 27, 12: 38 
kidneys 2: 19, 41 

kiln 9: 28, 29 

KLEA 14: 39 

knock 

Krt 

Krugerrand 5: 41 

keypton 1: 38, 39, 42, 43, 45 














krypton-92 15: 
kyanite 9: 21 
L 
Jampblack 8: 22 
latente 4: 17, 7: 11 
ates 8: 34 
lather 3: 38 
Lance 5: 16 
hy 9211, 15, 21, 23, 25: 





Lawes, John 13: 43 

lead 6: 8, 21, 10: 4, 6-33, 40, 44, 
13: 30, 152.9, 10, 11 

ad-acid battery 6: 13. 10: 28, 29, 











Jead carbonate 10: 7. 24 
lead chamber process 10: 17 
lead chromate 4: 39 
lead dioxide 10: 
13:30 
lead IV oxide 10: 18 
leaded fuel 10: 32 
idass 10: 23 
Jead flashing 10: 
lead hydroxide 1 
lead in fuels 10: 52 











ead 









lead iodu 





lead oxide 1 
lead pipes 1 
Jead poisoning 10: 14, 31 
lead shot 10: 14, 15 
lead silicate 10: 24 
lead sulfite 10: 7, 16, 24, 28, 29, 
13: 32 
lead sulfide 10: 7, 10, 13, 
13: 12, 24 
lead II oxide 1 1s 
Leblanc, Nicolas 2: 28 
Leclanché cell 6: 14 
Leclanché, Georges 6: 14 
legumes ts 18 
Les Baux 7: LI 
Jeukemia 15: 23, 27 
Liberty Bell 5: 21 
light 44:7 
light-emutting diode (LED) 9: 34, 35, 
lighthouse 6: 31 
lightning 11: 6, 7, 22 
lignin B 18 
32, 2: 26 430, 
16,11: 14, 13: 34, 42 


lumeseale 
limestone 1: 29, 34, 
1, 12, 19, 20, 


limestone rock 14: 45 
limewater 3: 2% 

limonite 4: 13, 15, 

liquetied petroleum yas (LPG) 8: 27 
Hiquid ave 12: 17 
Jiquid crystal displ 
liquid mitrogen 1 
lidharge 10: § 
Tins Hs 21, 14s 15 


(LED) 9: 37 


30, 30, 1 
lodestone 4: 12 
low-level waste 15: 41 
lubricating oil Ae 14 


M 


Macintosh, Charles 8¢ 35 
magna 52 30, 6: 6, 9: 16, 21, 2 
29,43, 10: 6, 4 
na chamber 9: 43 
wesiumm 42 18, 36, 32 5, 34-37, 
3K, 45, 4: 6, 22, 62 22, 75 25, 
6, ANE 37, ADs 33 
magnesium carbonate 3: 37, 43 
magnesium hydroxide 1: 32, 3: 42 
5 
magnesium ions 3:34, 40 
‘magnesium oxide 3: 37 
magnestum ribbon 3: 34, 37 
magnesium silicate 9: 
uagnestom sulfate 
magnetic flea 4: 
magnetic properties 42 20, 44, 45 
magnetite 4 
malachite 5: 
mallee 25 17 
manganese 425, 34, 40-43, 45, 
7:22, 92 20, 20, 41.43 
nese earbonate 42 42 
manginese chloride 14: 11 
manganese dioxide 6: 15 
manganese noduley 4: 41 
manganese oxide 4:40, 41,43 


manganese sulfate 42 42 
manganese sulfide 4: 40 
16,17 
manure 11: 20 
marble 3:4, 18 
Maram grass 2: 17 
massicot 10: 18, 12: 22 
matches 11: 38, 40, 41, 14: 25 
medicines 13: 42 
membrane 2: 15, 
“memory” brass 5: 19 
Mendeleev, Dmutry Ivanovich 
1-15: 46 
seus 6: 30 
yercurie chloride 6: 32 
mercuric chromate 6: 29 
mercune nitrate 6: 28, 
mereunc oxide 6; 32 


mercurochrome 38 
mercurous chloride 6: 32 
mercury 1: 37, 5: 35, 42, 6: 5, 2¢ 
37, 14: 18 
mercury amalgam 14: 19 
mercury battery 6: 32 
mercury cathode cell 
it 
mercury cell 6: 15, 33 
mercury potsoning 6: 
mercury vapor lamps 6: 34 
metal I: 12, 32, 36, 2: 6, 42, 3: 6, 
AAAS, Ae 44, 45, 72 44, 9: 20, 
26, 341 
oxides 1: 32 
ramorphic rock 9: 20), 25, 24 


3, 14: 18, 


methane 8: 
methanol 
methyl benzene 13: 10, 14:7 
wethylene chlonde 14: 31 
ethyl group 9: 32 
methylmercury 6: 39 
methyl orange 12 21, 35 
Mg 3: 5.45 
ca 7: 7. 9 26 
nerochipy 
microcrystalline 9 14 
acronutmient 5: 22 
microorganisiny 14) 
microprocessors 9: 36 
tnuild steel 4 32, 33, 34 
Milk of Magnesia 3: 42 
numeral 2: 9, 3: 8, 15, Be 8, 9 9, 
11, 12, 20, 21, 43, 12: 10, 
13: 12-13 
mineral aeid 1s 18, 19, 24, 25, 
13:26, 27 
mining 2: 12, 5: 10, 30, 36, 38, 
Ts 1O-N1, 10: 6, 7, 12, 34. 6 
mirrors 5:34, 5 
nmxture 
Mn 4: 
molecule 2: 19, 27, 9: M1, 12:9, 
13: 
molybdenum 4: 34, 13: 12 
monoclinic erystal 13: 10, 11, 13 
monomer 13: 38, 49, 8: 32, 33 
monoxide gas 10: 10, 
mordant 7: 36 
mortar 3; 22 
MOSFETs (metal oxide 
semiconductor field effect 
transistors) 9: 36 
mullite 929 


mures 14: 42 
munane acid 14: 34 
muscles 2: 41 

muscovite 7: 6, 27 
mustard gas 13: 40, 14: 26 


N 


Na 2:4, 44 

Nagasaki 15: 38, 39 

nail-polish 8: 29, 31 

nail-polish remover 8: 

naphtha 1: 14 

napping 9: 14 

native copper 5: 7 

native gold 5: 36 

native metal 4: 12, 13 

native silver 5: 30 

natural gas 8: 10, 13, 24 

negative terminal 6: 14 

Ne 135,45 

neon 1: 38, 40, 45 

“neon” lights 2: 39 

neon tubes 

nerve cells 2: 18 

neutral 1: 20, 34 

neutralization 1: 34-35, 2: 31, 33 

neutralize 3: 

neutron I-15: 44, 15: 7, 4, 28 

neutron radution 15: 4, 9 

nickel 4: 34, 36, 41, 5: 40, 7: 22 

nicke sll 6: 41 

nickel sulfide 13: 12, 25 

Nightingale, Florence 14: 16 

niobium-101 1 

nitrate ferlizer 11: 20 

nitrates 11: 20 

nitric acid 12 18, 

5: 14, 26, 6: 28, 7: 33, 11: 5, 
6,7, 13, 30, 33, 36-37 

M4 


nitrocellulose 1 
nitrogen 1: 8, 16, 17, 42, 8: 6, 36, 
Vz 4-37, 44, 12: 17, 15: 10 
nitrogen cycle 11 
en dioxide 1: 26, 37, 6: 28, 
7, 30-33, 
37, 12: 13, 41, 42, 43 
pcing bacterin 11: 18 
nodules 11: 19 
nitrogen oxides 7: 40, 43 
nitroglycerin 8: 6, 11: 27 


noble g 
noble metals 5: 28, 


nonstick 14: 37 

Novocaine 1. 

NO, 11: 34-35 

n-type region 9: 4 

nuclear aceadents 15: 

nuclear energy (nuclear power) 1: 6, 
15: 3 

uclear fasion 1: 6 

nuclear power station 15: 32 

nuclear reactions 15: 4,7 

nuclear reactors 15: 34-35 

nuclear waste 15: 40, 

nuclear weapons 15: 38 

ucleons 9 44 


nucleus 9: 44, 15: 4, 6,7, 8 
nugget 5: 36, 37 

nutrients 2: 16, 18, 20 
nylon 8: 31, 36, 37, 38, 39 


oO 


O12: 4,44 
obsidian 9: 15 
ocher 4:15 
octane 1: 14 
‘octane numbers 10: 
Oersted, Hans Christian 
oil 8: 10, 13 
oils 1:30 
ool spill 8: 42 
oil-storage tanks 3: 37 
olivine 9: 21, 27 
1,6-diaminohexane 8; 36, 38 
oolitic limestone 3: 10 
opal 9: 14 
onal rehydration 2: 18 
orbital shells 1-15: 44 
ore 3: 10, 4: 13, 17, 18, 24, 27, 36, 
, 6: 6, 8, 7: 10, 11, 13 
. 36, 13: 12,15 


ic chemicals 8: 5, 20, 42, 43 

ic compounds 8: 25 
solvents 14: 7 

organochlonide 14: 28, 29 

oscillator 9: 37 

osmosis 2 14-15, 16, 17, 19, 25. 

oxahe acid 1: 30 

oxidation 3: 35, 4: 11, 13, 28, 27, 
31, 6: 14, 8 10, 11, 18, 9: 29, 
12: 6, 14, 24, 25, 26, 34, 36, 
14:11, 14, 15, 16 

oxide 4: 8, 9, 17, 7: 7, 8, 14, 24, 26, 
33, 34, 35, 10: 8, 12: 10, 
30 

oxidization 10: 11 

oxidize , 16, 27, 30, 31, 40, 
13: 20 

onidizing agent 4: 42, 43, 6: 28, 
14: 30, 12: 20, 37 

oxyacetylene 12: 16, 39) 

oxygen 1: 8, 10, 11, 2:43, 49, 11, 
12, 14, 16, 22, 23, 30, 40, 41, 
7: 6, 38, 39, 8: 10, 11, 18, 28, 
9, 10, 26, 33, 38, 11:7, 9, 
33, 35, 12: 4,5, 15, 17, 44, 
13: 14, 143 24, 

oxygen cycle 12: 14 

oxygen, test for the presence 12: 44 

ozone 11: 35, 12: 6, 12, 13, 42, 43, 
44, 142 38, 39 

ozone layer 14: 38 


P 
Pad: 4,44 
p-type region 9: 34 
painkillers 14: 
paint 6: 19, 10: 24, 25, 12: 21, 32 
paint stripper 14: 31 
palladium 3: 28, 12: 41 
panning 5: 39 
paraquat 14: 29 
Parkes, Alexander 8: 31 
Parkes process 10: 10, 11 
patina 1: 29, 5:4, 6, 27 
Ph 10: 4, 44 
PBB sec polybrominated biphenyls 









PCBs see polychlorinated biphenyls 

pearl 3: 4 

pentaerythrite tetranitrate 11: 27 

perchloric acid 12: 39 

percolate 3: 14, 15 

Periodic Table 1: 36, 38, 40, 46-47, 
1-15: 40-47 

permanent hardness 3: 38. 

pesticide 2: 30, 6: 24, 25, 
13: 42, 14: 28, 29 

Pete Bog 15: 18 

PETN 11: 27 

petrochemical plant 8: 26, 29, 44 

petrochemicals 8: 

petroleum 8: 7 

Pewter 10: 40 

pH 1: 20, 21, 28 

phenolphthalein 1: 21, 2: 6, 7, 
11: 15, 





8:42, 

















phosphates 1 
phosphine gas 11: 
phosphor 6: 35, 42, 43 
phosphor bronze 
phosphonic acid 10: 24, 11: 42, 
12: 32 
phosphorus 3: 40, 5: 20, 9: 34, 
10: 4, 11: 5, 44 
phosphorus oxide 1 
phosphorus, red 14: 
photochemical smog 12: 42 
photoelectric cell 6: 
photoelectric properties 1 
photographer's hypo 5: 
1:43 
photographie films 8: 41 
photography 5: 32, 14: 42, 43 
photon 6: 43 
photosynthesis 8: 10, 11, 12:6, 14 
photovoltaic cell 6: 42 
pickling 2: 25 
piezoelectric effect 9: 37 
pig ron 4: 24, 27, 28, 30 
pigment 4: 38, 6: 24, 40 
pitchblende 15: 
placer deposit 5: 
plaster 3: 5, 31 
Plaster of Paris 3: 31, 13: 12, 
plastic 8: 30-31, 43 
plastic, properties 8: 30 
plastics 14: 22, 23 
plastic sulfur 13: 7 
platinum 5: 28, 10: 
12: 41, 14: 20 
playa lakes 1 
playas 2: 10 
plumbing 10: 22 
plutonium 15: 26, 34, 35, 38 
powson 6: 32, 11: 38 
poison gas 14: 26 
pollutants 7: 42, 14: 16 
pollute 11: 20 
pollution 2: 20-21, 33, 3: 13, 
10: 12, 12: 40, 42, 13: 18, 19, 
22, 23, 15: 20 
polonium 15: 23, 
polonium-210 15: 17 
polybrominated biphenyls 4 
polychlorinated biphenyls 14: 2 
polychloraethylene 8: 33, 14: 10, 
22,23 
polyester 8: 31, 36, 37, 40, 41 
polyethylene 8: 31, 32, 14: 23 
polyfluoroethylene 14: 
































9, 10: 36 





























polymer 2: 26, 9: 33, 13: 38, 39, 








polymerization 8: 32-3 
14: 22,9: 4,32 
polymers 
polystyrene 8: 31, 33 
polytetrafluoroethylene 8: 31, 33, 
14: 36, 37 
polyvinyt benzene &: 33 
polyvinyl chloride 8 
polychloroethylene 
y1 fluoride see 
polyfluoroethylene 
porous 3: 10, 4:9 
porous bronze 
Portland cement 
positive terminal 6: 14 
potash 2: 40 
potash salts 
potassium 2: 5, 40-43, 45, 4: 6, 
7: 6, 9: 11, 26 
potassium carbonate 2:40 
potassium chlorate 11: 41, 14: 24, 








ce also 


polyy 


















potassium chlonde 6: 13, 14: 11 

potassium chromate 4: 38, 

potassium dichromate 

potassium-40 15: 11 

potassium hydroxide 2: 42, 4: 43, 
6:15 

potassium iodide 14: 41 














potassium manganate 4: 42, 43, 
14:15 

potassium metal 2: 42 

potassium nitrate 1: 27, 2: 40,41, 





42,43, 11: 4, 21, 

12: 44, 13:41 

potassium merite 2: 43 

potassium permanganate 4: 42, 43, 
12: 21, 36, 37, 14 

potassium phosphate 2: 40 

potassium sulfate 2: 40 

pottery 9: 28 

power stations 13: 22 

precious metal 5: 28, 10: 16 

precipitate 3: 7, 16, 26, 38, 42 39, 
4. 

precipitation 

preservatives 13: 42 

preverving 2: 25 

primary dry battery 

printed circuits 

procaine hydrochlonde 14: 5 

protein chain 8: 36 

proteins 8: 10, 18, 36, 1:4 

protons 1-15: 44, 3: 47, 9: 44, 





















Pu 15:5, 44 


PTFE 8: 33 

PVC 8: 33 see also 
polychloroethylene 

PVF see polyfluoroethylene 

pynite 42 18, 19, 21, 10: 17, 13: 12, 
13, 15, 16, 24 

pyrolusite 4:41 

pyroxenes 9: 24 





quartzite 9: 16 
quicklime 3: 20, 
quicksilver 6: 















45 
radiated 7: 30) 
radiation 1: 7, 10; 26, 31, 15: 8. 
42,43 
radiation sickness 15: 
radiation therapy 1 
radioactive decay 15: 
radioactive decay, graph 15: 16 
radioactive clements 15: 4, 6, 26-27 
radioactive isotopes 1: 42 
radioacave tracers 15: 20-21 
radioacnvity 1; 














Ramsay, Sir William 1: 38 

rate of chemical reaction 2: 24 

Ravenscroft 10: 22 

rayon 8: 38 

RDX 11: 27, 28 

reacnon 3: 6 

reactivity 2: 7, 42, 4: 7, 3: 15, 29, 
41, 6: 16, 7: 6, 14, 24-25, 
10: 16, 11: 10, 142 5, 6, 41 

reactivity series 1: 36, 2: 7, 3: 36, 

40, 41, 5:15, 29, 41, 

6:11, 16, 75 24, 10: 16, 39, 
12: 28 

recycling 7: 40 

red gold 5: 42 

red lead 10: 18, 24, 12: 22 

red mud 7:17, 42 

red mud pollunon 7: 42 

red phosphorus 11: 38, 40-41 

redox reaction 12: 24, 25 

reduced 4: 24, 10: 8 

reducing 14: 14 

reducing agent 4: 25, 27, 5: 8, 34. 

6, 17. 13: 20, 24 

reduction 4: 11, 23, 5: 8,9, 7: 18 
12: 24, 25, 26, 13: 20 

refining 5: 12, 31. 39, 6: 9, 37, 

18-19, 12: 28, 29 

refining metals 1: 4 

reflection 7: 30 

refrigerants 14: 38, 39 

reffig 















































Reims cathedral 3: 13 
orced concrete 





32 
gen equivalent in man) 
a3 

reprocessed uranium billet 15: 45 
15: 2! 








reprocessing, uram 
resin 3: 41, 12: 20 
resistors 9: 











respiration 8: 10, 12: 14 
4 





reverse osmosis 
Rinzobium 11: 18 

thodim 5: 42 

thombic crystal 13; 10,11 
thombohedral-shaped crystal 3: 9 








rings 
riveting 4: 28 
Rn i: 3,45 
rocks 9: 


rock salt 2: 8, 10, 12, 142 8,9, 19 
Romans 10: 30 
rubber 8: 34, 35. 
ruby 








rust 4:7, 8-11, 35, 7: 24, 10: 38, 








rust-inhibitor 11: 42 
Rutherford, Ernest 15: 9 


Ss 
S13: 4,44 
sacrificial anode 6: 18, 7: 25 
salicylic acid 
Saline 2: 11, 20, 14:9 
saline drip 2: 18 
saline solution 2: 9, 18, 19 
salinization 2: 20, 21 
salt 1: 








saltbush 2: 17 

salt deposits 

salt domve 2: 12, 14: 19, 13:8 

salt pany 2: 12, 13, 40 

saltpeter 11: 4, 21, 13: 41 

salt pollution 2: 20 

salts 2: 40, 41, 42 

sand 9: 38, 40 

sand dunes 9: 19 

sandstones 9: 18 

saponification 2: 34, 36, 37 

sapphire 7: 8, 9, 12:10 

saturated 3: 6,7 

seale 3: 10, 39 

schist 9: 20, 

scrubbing 2: 33, 13: 17 

sum 3: 40 

sea-salt 2: 13 

seawater 2: 15, 44, 45, 14: 4,9, 
40,42 

seaweed 14: 4, 9, 40 

secondary battery 6: 13, 4 

sediment 9 18, 21 

sedimentary rocky 9 18 

sediments 2: 10 

selenide 9: 4) 

selenium 6: 42 

semiconductor 6: 

semipermeable membrane 1: 15, 
2:14, 15, 16, 25, 6:14, 15 

serpentine 9: 

sewage systems 14: 16 

shales 7: 36 

sheet mine 

sheet silicate 9: 

shells, orbital 1-15: 44 

S94 Ad 

silica 4: 26, 9: 9, 10, 14, 16 
38, 39, 42, 43, 10: 26, 
12:10 

silicate 4: 40, 9: 8,9, 11, 12, 18, 
20, 26 

silicate groups 9: 

silicates 12: 10 

silicon 42 29, 30, 34, 6: 42, 75 6, 
924,44, 105 41, 12: 10 


silicon bronze 






























silicon carbide 
silicon chip 


434 
silicone 9: 32, 33, 

silicon wafer 1: 42, 9: 34 
silver 5; 5, 28-35, 44, 6: 8, 37. 








34,10: 7, 11, 13: 33 
silver bromide 5: 32, 33, 14: 42, 43 
silver chionde 3: 32, 33, 14: 7 
silver chloride battery 6: 15 


ilvenng 5: 34 


silver iodide 14: 40, 43 
silver oxide battery 6: 15 
silver rush 
silver salts 5: 32 
silver sulfide 5: 29, 13: 25, 44 
sink holes 3: 12 
sinter 3:17 
sintering 9: 29 
slag 4: 24, 26, 27, 30, 40, 10: 10, 
12: 2% 
slaked lime 3: 24, 28, 14: 14 
sluice box 5: 38, 1 
smelling salts 11: 12 
smelter 7: 13, 18 
smelting 4: 24-27, 
smuithsonite 6: 6 
smog Mz 34, 12: 41, 42, 13: 22 
smoke detectors 15: 15 
smoky quartz 9: 12, 13 
Sn 10: 5, 45 
soap 1: 30, 32, 2: 34, 35, 36-37 
soda 224,30, 44 
soda ash W, 7 1 
soda glass 9: 39 
soda lakes 2: 41 
ays 9: BN 
2:4, 6-39, 44, 72 6, 
11, 24, 38 
nnninate 2: 32, 
ide 1s 29 
sodium bicarbonate 2: 28, 29, 
MM, 8: 14 
sodium carbonate 2: 28-29, W031, 
45, 7: 38, 8: 15, 9: 39, 40 
sodium chlorate 14: 14, 24, 25 
sodium chlonde 6.78% 
12, 13, 23, 24, 27, 29, 31, 4: 


16:8 


soda-lime 
sodium, 


sodium hydroxide 1: 30, 
2: 6, 26, 27, 30, 
14, 15, 5: 27, 6: 33, 41, 7: 14, 
15, 16, 13: 23, 25, M4: 14, 19, 
20, 21 
sodium ton 1s 34, 25 9, 
1458, 20 
sodium metal 2: 6, 
sodiunn pellet 2: 6 
sodium peroxydisulfite 13: 20 
sodium, radioactive 15: 
sodium stearate 2: 36 
sodium sulfate 13: 52, 33 
sodium sulfide 2: 33 
so m sulfite 13: 
sodiuny thiosulfate 
14: 43 
sodium triphosphate 11: 43 
sodium vapor Lanaps 
soil 3: 12, 24, 28, 4: 16-17, 7: 43 
4, 28 


33, 13: 33, 


soil conditioner 
solar cell 6: 42. 9: 
solder 10: 42, 43 
soldered 7: 20 
solder ghasyes 10: 
Sohman's Water 
soluble 4: 32, 9: 38 
solution 2: 23, 34, 32 12, 16 
DAN 

13,15 

ining 2: 12 
Solvay, Ernest 
Solvay process 2: 28-29, 32 
solvent 8: 24, 29, 31, 1427, 30 
soot 8: 22, 14: 13 


SO, 13: 

space suits 7: 30 

spectrum 1: 38 

sphalenite 4: 18, 6: 6, 13: 12 

spontaneous combustion 11: 
12: 36, 37 

stable 9: 10 

stainless steel 4: 34, 35, 36 

stalactite 3: 14 

stalagmite 3: 14, 39, 44 

starches 8: 43 

stars 1: 6-7, 15: 31 

stationary phase 7: 

steam 3: 24 


25, 38, 10: 38, 12: 32 

steel firrnace 12: 25 

steelmaking 1 

sterling silv 

stomach 4: 28 

Stone Age 9 14 

stratosphere 1 

strianons 4: 18, 9 

strong acid 1: 18, 19, 20, 13: 18, 19, 
% 


strong alkali 1: 20 


styrene 8: 33, 35, 

styrofoam B: 33 

sublimation 8: 14, 15 

sucrose 1:24, 8: 19 

sugar 1: 24, 8: 10, 19 

sugars 12: 14 

sulfates 13: 12, 32-33, 43 

sulfide 10: 8 

sulfides 5: 6, 13: 8, 12, 16 

sulfites 13: 18, 32-33, 42 

sulfur 4: 19, 20, 21, 30, 40, 8: 34, 
35, 10: 10, 12, 11: 26, 13: 4, 
O44 

sulfur bridge 13: 39 

sulfur dioxide 2: 33, 42 10, 6: 8,9, 

10, 12,17. 3, 
914 16, 18-23, 

sulfur, flowers 13: 7 

sulfivric acid 13 18, 24-25, 27, 37, 23 
33, de 18, 19, 42, 6: 28, 72 36, 
8: 19, 10: 10, 16, 17, 28, 2 
1s 36, 42, 43, 13: 16, 18, 26- 
BM M4: 

sulfiarie acid, dilute $2 24 

sulfurous acid 13: 18, 19 

sulfur oxides 7: 40, 43 

sulfite trioxide 13: 19, 28, 29 

Sun 1: 6, 1530 

supemova 15: 31 

superphosphates 1: 24, 11: 42, 43 

superphosphate fertilizers 13: 29 

suspension 4: 38, 13: 17 

swarf 4:7 

swinuning pool 14: 16, 17 

swimuning, pool disinfectant 14: 43 

switch 6: 4 

synthetic fiber 8: 38-41 

synthetic avery 8 31 


Ml 


table salt 14: 4,9 
tale 9: 26 

tarmish 5: 29 

tamishing 13: 

tartanc acid 1: 18, 30, 8: 14 


tear gas 14: 26 

technenum 15: 

teeth 3: 5, 33, 1 

Teflon 8: 31, 33, 14: 36 
telluride 10: 20 

temperature, effect of salt 2: 24 
tempenng 4: 

temporary hardness 3: 38, 
terephthalic acid 8: 37 

tetraethyl lead 1 
tetrafluorocthylene 8: 33, 14: 36, 37 
tetrahedron 8: 8, 9: 9, 10, 12: 10 
tetraphosphorus trisulfide 11: 41 
thermometer 

thermophstic 

thoron 15: 14 

Three Mile Island 15: 36 
tiger's-eye 9: 13 

tin 3: 36, 3: 18, 20, 6: 37, 7:4 


tin can 
tuncture of iodine 14: 40 

‘tun dioxide 10: 35 

tun oxide 10: 34, 35, 36 

ton planing 10: 38, 39, 12: 33 

u jum 7: 22, 9: 30, 31, 14: 20, 
tration 1: 34, 35 

TNT 8: 6, 11: 13,27 
toothpaste 2: 45 

topaz 12: 10 

Tomicelli, Evangelista 6: 30 
tourmaline 


lucent 9: 11 
smutation 13: 10) 

travertine 3: 8, 14, 16 

ethylene 14: 30 

tninitrotoluene 8: 6, 113 27 

tnpod 4:43 

troum 1: 44, 18: 8, 17, 21, 30, 38 

tungsten 4: 34 

tungsten steel 42 35 

turbines 7: 23 

turpentine 14: 30 


U 
U 15:4, 44 


ultraviolet light 6: 35, 8: 30, 33, 
12: 12, 14: 39 
versal Indicator 1: 20, 12: 18 
unleaded fel 10: 33 
unsaturated hydrocarbons 8: 29 
PVC 8: 33, 
urannum 15: 24-25, 34, 38, 44 
uranium fission 15: 28-29 
uranium hexafluoride 14: 36 
oxide 15: 34 
5 15: 28, 29 
98 15: 11, 17 
13,23 


Vv 


n 4: 34, 1 2 
1 pentoxide 13: 28, 
38 
8, 5: 6, 30, 36, 9: 16 
Venus 13: 9 
vermieulite 
vinegar 1: 31 
vinyl B: 33, 1 
vinyl chlonde 8: 33; see also 
chloroethylene 


vinyl fluoride see fluoroethylene 
viscous 9: 43 

vitreous 

Volta, Alessandro 6: 12 

voltage 9: 34 

von Liebig, Justus 5: 34 
vulcanization 8: 34, 35, 13: 38-39 


Ww 
water 9: 37 


wallboard 3: 30 

washing 3: 40 

waste glass 9: 40 

water 1:9, 10-11, 28, 2: 6-7, 10, 
14, 15, 18, 22, 25, 30, 31, 34, 
5, 42, 3: 38, 40, 42 10, 1, 
18, 8: 36, 9: 14, 26, 2 
12:4, 8.9, 14, 15, 18, 19, 38 

water of crystallization 13: 35 

water supplies 14: 16 

water-softener 3: 40) 

waterproof 9: 33 

weak 1: 29, 31 

weak acid 13 19, 20, 13: 18, 19 

weak alkali 1: 20 

weather 1: 29 

weathering 
ei 

weedkillers 14: 24, 29 

welding 12: 39 

‘wet batteries 13: 30 

white gold 5: 42 

white lead 10: 24, 30 

white phosphorus 11: 38-39 

whitewash 3: 23 

World War 1 8: 31, 18: 40, 14: 26 

World War 11 15: 38 

wrought bronze 3: 20 

wrought iron 4: 28, 29) 


12, 19, 95 18, 19, 20, 


42, 45, 15: 20 
senon-140 15: 
X-rays 10: 26, 31, 152 8, 14, 15, 36 


Z 
tine 1: 12, 37,42 10, 41, 5: 18, 624, 
AN, Ad, 7: 25, 10: 7,11, 
12: 32, 33, 13:8 
zinc~cadmium battery 62 13 
wine carbonate 6: 6, 7 
zinc cell 6: 12, 15 
in chloride 6: 17, 25 
zinc hydroxide 6: 41 
zine oxide 6: 9, 24 
zine sulfate 6: 9, 12, 25 
zinc sulfide 4: 18, 6: 6, 9, 25, 13: 12 
zircon 9: 20, 21 
zirconium 9 1 
Zn 6: 4,44 
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Elements is designed to provide an accessible 
approach to chemistry. Each volume carefully 
f ‘ P 
and concisely presents the characteristics, 





behavior, occurrence, isolation, and uses of the 

most important elements and their compounds. 

Laboratory demonstrations are illustrated with % 
step-by-step photographs that are linked to 

real-world applications. A wealth of 
definitions, facts, and supporting information 
ensures that readers will never be lost in this 
challenging but essential subject. 
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1. Hydrogen and the Noble Gases 
, 2. Sodium and Potassium 
— 3 OT : 
3. Calcium and Magnesium 
f hem +. Iron, Chromium and Manganese 
\) ' a ee “ ‘ 
Pi 5. Copper, Silver and Gold 
" 6. Zinc, Cadmium and Mercury 
a As ¥ 7. Aluminum 
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Carbon 
9. Silicon 
10, Lead and Tin 
11. Nitrogen and Phosphorus 
12. Oxygen 
13. Sulfur 
14. Chlorine, Fluorine, Bromine, and Iodine 
REINFORCE! 15. Uranium and other radioactive elements 
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